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Nucleating agentGlass stability (GS) parameters based on typical temperatures obtained by differential thermal analysis were de-
termined for glasses composed of Li2O:BaO:SiO2:nucleant, using TiO2, V2O5, ZrO2 and Nb2O5 as nucleants. The GS
parameter proposed by Saad and Poulain, S, showed values of 21.26 for ZrO2, 13.77 for Nb2O5, 11.42 in the glass
without nucleating agent, 6.91 for V2O5 and 6.29 in that containing TiO2. GS was also inferred from the apparent
activation energy of crystallization, AE, and these values of the compositions, in kJ mol−1, were 355 in the glass
without nucleating agent, 322 for TiO2, 254 for ZrO2, 278 for V2O5 and 300 for Nb2O5. A surface crystallization
mechanism was observed, and thermal treatment yielded crystalline Li2Si2O5 and Li2SiO3. The time–tempera-
ture–transformation diagrams, TTT diagrams, were consistent with the obtained GS parameters.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Glass-ceramics can be obtained through the devitriﬁcation of glass
systems. Devitriﬁcation occurs through two main mechanisms: phase
separation by spinodal decomposition [1] and controlled crystallization
[2]. The resistance of glasses to crystallization upon reheating is called
glass stability (GS), and one of the most common criteria for establish-
ing GS is the peak crystallization temperature on heating, Tch, (or the
onset crystallization temperature on heating, Txh) [3]. The crystallization
temperature is always located between the glass transition tempera-
ture, Tg, and themelting temperature, Tm, (or the liquidus temperature,
Tl, or onset melting temperature (Tf)). The various parameters bywhich
GS is expressed are calculated from these typical temperatures deter-
mined by differential thermal analysis (DTA).
Glass stability differs fromglass forming ability (GFA),which express
the easiness to vitrify a liquid on cooling [3]. GFA is a criterion based on
the critical cooling rate [4]. GS is expressed by the parameters proposed
byWeinberg [3,5], Kw= (Txh− Tg)/Tm, Hrubý [6], KH= (Txh− Tg)/(Tf−
Txh), Lu and Liu [7], KLL = Txh/(Tg + Tl) (the superscript h refers to the
value upon heating) and the parameter proposed by Saad and Poulain
[8], S = (Tc − Tx)(Tc − Tg)/Tg. The parameter proposed by Du and
Huang [9], KDU = (Tg/Tl) + (Tx− Tg)/Tx is used to express GFA.
Avramov et al. [4] demonstrate that high values of Kw or KH in silicate
glasses are related directly to high GS and GFA. To a certain extent, theer).same relation was obtained, including KLL, for various oxide glass
forming systems [3,10,11] and chalcogenide glasses [11]. In these stud-
ies, the parameters used to express GS or GFA were calculated for com-
positions containing various proportions of network formers and
modiﬁers, such as the glass system composed of B2O3 and Li2O [10],
for example.
One of the processes whereby glass-ceramics are obtained is con-
trolled glass crystallization. One way to control crystallization is to add
a component to the glass composition, called a nucleating agent or
nucleant, which can induce crystallization, resulting in the formation
of crystallization nuclei. Several compounds have been used as
nucleants in lithium silicate glasses, e.g., TiO2 [12–14], ZrO2 [13], Fe2O3
[14,15], LiF and Cr2O3 [15], and the effectiveness of the nucleating
agent was established based mainly on the crystallization mechanism.
This paper presents the results of a study inwhich several nucleating
agents were used in the Li2O–BaO–SiO2 glasses. The inﬂuence of the
nucleants was evaluated based on the traditional GS (and eventually
GFA) parameters and on other parameters such as the AE of the crystal-
lization process [16], the Avrami exponent [17], and the corresponding
time–temperature–transformation diagram, TTT diagram [18]. The in-
terest in studying these glassy compositions [19,20], is due to the fact
that they are used in the manufacture of ﬁbers for solid-phase
microextraction (SPME) [21–23]. The glasses compositions with best
GS parameters are indicated for this application, due the high working
temperatures. The addition of Ti, Zr, V and Nb ions in Li2O–BaO–SiO2
glass was evaluated by thermal and diffraction techniques andwill sup-
port the obtainment of new glass or glass-ceramic devices applied to
that technique.
Table 1
Typical temperatures obtained by DTA at a heating rate of 15 °C min−1 in the
30.0%Li2O:5.6%BaO:62.3%SiO2:2.1%nucleant glass.
Nucleant Temperature (°C)
Tg Tx Tc Tf Tm Tl
Without nucleant 460 569 621 915 927 934
TiO2 469 592 622 913 926 933
ZrO2 472 616 689 930 955 967
V2O5 454 485 616 858 877 893
Nb2O5 484 623 677 910 926 935
Table 2
GS parameters calculated for the glasses at α= 15 °C min−1.
Nucleant KW [3] KH [6] KLL [7] KDU [9] S [8]
(K)
Without nucleant 0.13 0.31 0.41 0.74 11.42
TiO2 0.13 0.38 0.42 0.76 6.19
ZrO2 0.18 0.46 0.42 0.76 21.26
V2O5 0.14 0.48 0.42 0.78 6.91
Nb2O5 0.16 0.48 0.43 0.78 13.77
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2.1. Glasses
Five glass compositions, hereinafter referred to as Compositions 1
to 5, were prepared by traditional melting after mechanically
mixing the precursors in an agate mortar. The glasses without
nucleant, were composed of 30.6%Li2O:5.8%BaO:63.6%SiO2 (mol%),
while TiO2, ZrO2, V2O5 and Nb2O5 were added as nucleants to the re-
maining four compositions, which, in mol%, consisted of 30.0%
Li2O:5.6%BaO:62.3%SiO2:2.1%nucleant. The reagents used to obtain the
nucleants were titanium(IV) oxide (TiO2, Vetec), zirconium(IV)
oxychloride octahydrate (ZrOCl2·8H2O, Merck), ammonium vanadate
(NH4VO3, Merck) and niobium(V) chloride (NbCl5, Aldrich). The Li2O
precursor was lithium carbonate (Li2CO3, Vetec), the BaO precursor
was barium carbonate (BaCO3, from Ecibra), and the SiO2 precursor
was silicon dioxide (from Vetec). All the chemicals were of analytical
grade. The materials were placed in a platinum crucible and melted in
a mufﬂe furnace at heating rate of 25 °C min−1 up to 800 °C, kept at
that temperature for 30min, afterwhich the temperaturewas increased
at the same heating rate up to 1100 °C, and kept at that temperature for
240 min for homogenization. The melt was then poured into a graphite
mold and cooled to room temperature. The glasswas annealed for 6 h at
380 °C. The glass compositions were conﬁrmed by determination of the
metals and silicon contends by optical emission spectrometry with in-
ductively coupled plasma using an Optima 7000 DV spectrometer
(PerkinElmer).
2.2. Differential thermal analysis — DTA
The glass transition temperature (Tg), onset crystallization tempera-
ture (Tx), maximum crystallization peak temperature (Tc), onset
melting temperature (Tf), melting temperature (Tm) and liquidus tem-
perature (Tl) were measured with glasses crushed into particle with
sizes of 15 to 35 μm. Crushed samples of 20 mg were preheated at 150
°C for 30min and then placed in an open alumina sampler and analyzed
by DTA under a constant air ﬂow (50 mLmin−1) from 25 °C to 1000 °C,
at heating rates (α) of 5, 10, 15 and 20 °Cmin−1 using a thermal analyz-
er TGA-DSC 1 Star System (Mettler Toledo) against alumina powder
as reference material. Isothermal DTA was also performed, starting at
50 °C and applying a heating rate of 50 °C min−1 up to temperatures
between 470 and 540 °C, with variations of 10 °C, keeping for 30 min,
and then applying a heating rate of 20 °C min−1 up to 850 °C.
2.3. X-ray diffraction — XRD
X-ray diffraction patterns of the powdered glasses were recorded
after thermal treatments at 550, 600, 650 and 700 °C for 5, 10, 15, 30
and 60 min. A Siemens D5005 diffractometer was used with a sealed
copper anode operating at 40 kV and 30 mA, using Cu Kα radiation
(1.5406Å, 1.8°min−1)with 2θ from5 to 60. The relative intensity Irelative
of representative XRD peaks was calculated using the Ix/It relationship
[24,25], Ix being the integrated intensity for the representative peak of
Li2SiO3, chosen at 2θ around 38°, and It being the sum of the integrated
intensity for the representative peaks of the constituent phases of the
ﬁnal product [24].
3. Results and discussion
In the composition of the glass system, the amount of the nucleating
agent is invariable, inmole percent, in terms of the corresponding oxide.
If one considers the composition in terms of metallic ions of the nucle-
ating agent, the molar percentage of V5+ and Nb5+ is twice that of
Ti4+ and Zr4+ in the ﬁnal compositions. The amount of nucleant used
was the same in order to interfere as little as possible in the experimen-
tal conditions employed in the preparation of the glasses. With theexception of V2O5, all other oxides used as nucleating agent are not vol-
atile. The glass compositions were conﬁrmed by optical emission spec-
trometry analysis, in spite of the V2O5 volatility.
Because GS is related to kinetics and thermodynamic factors, the
characteristic temperatures obtained by DTA were recorded at the
same heating rate. These temperatures are listed in Table 1, where it
can be noted that the addition of different nucleating agents altered
these typical temperatures differently, in relation to glasses without
nucleant [20]. While the addition of TiO2, ZrO2 and Nb2O5 caused the
Tg to increase, V2O5 had the opposite effect. The effect of the addition
of the nucleating agents on the crystallization onset temperature, Tx,
was the same, i.e., they increased the Tx compared to that of the glass
without nucleating agent. The highest increase was noted in response
to the addition of ZrO2 and Nb2O5. The effect on the maximum crystal-
lization peak temperature, Tc, was differentiated: TiO2 and V2O5 caused
little change in Tc, while ZrO2 and Nb2O5 increased the Tc, indicating
greater resistance to crystallization. Lastly, the presence of TiO2 and
Nb2O5 caused a little variation in the melting temperature, while ZrO2
increased the Tm and V2O5 decreased it. Therefore, these temperatures
alone do not indicate any speciﬁc trend when oxides are added to the
glass system.
3.1. Glass stability
To determine the GS of the glass containing the various oxides, the
GS parameters were calculated and are described in Table 2. The values
of Tx and Tcwere recorded during heating. Nascimento et al. [3] demon-
strated that GS can be expressed by KW, KH or KLL and can be used to
compare the vitriﬁcation tendency of different oxide glass-forming sys-
tems. The values of these parameters obtained for the glasses studied
here did not differ signiﬁcantly, as indicated by the values in Table 2.
The KW, KH, KLL and KDU of the glasses with different nucleating agents
were only slightly higher than those of the glass without nucleant, and
no signiﬁcant difference was found in response to the addition of differ-
ent oxides to the glassy system. However, the S parameter differed
among the vitreous compositions. The S results indicated that the addi-
tion of the oxides to the Li2O–BaO–SiO2 glass resulted in the following
increasing order: ZrO2 N Nb2O5 N without nucleant N V2O5 N TiO2
(Table 2). The glass without nucleant showed an intermediate value of
S, while the addition of TiO2 and V2O5 decreased the value of the S pa-
rameter, and the addition of ZrO2 and Nb2O5 raised the numerical
value of this parameter (Table 2). If we express the GS by S, we can
infer that the addition of ZrO2 and Nb2O5 increased the glass stability
Table 3
Crystallization temperatures Tc obtained at different heating rates (α), and GS parameters
expressed by apparent activation energies AE [27] and kD(Tc) [26].
Nucleant α (°C min−1) AE/kJ mol−1 kD(Tc)
5 10 15 20
Without nucleant 601 613 621 625 355 1.2 × 1019
TiO2 601 614 622 628 322 6.2 × 1017
ZrO2 659 675 687 697 254 1.1 × 1012
V2O5 596 605 615 626 278 1.7 × 1015
Nb2O5 653 672 677 686 300 5.6 × 1014
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Fig. 1. Evolution of the crystallization peak for the glass containing TiO2 as a function of
heating rate (°C min−1) (a) 5 (b) 10 (c) 15 (d) 20.
-0.6
-0.3
0.0
0.3
0.6
V2O5
TiO2
Without Nucleant
ZrO2
Nb2O5
ln
[-l
n(
1-
χ)
]
127M.F. Pércio et al. / Journal of Non-Crystalline Solids 411 (2015) 125–131of the Li2O–BaO–SiO2 glasses. The opposite effect resulted from the ad-
dition of TiO2 and V2O5.
Duan et al. [26] proposed a parameter to evaluate GS, which, in addi-
tion to considering the kinetic factor, k, includes the thermodynamic
factor D. This parameter, kD(T), is obtained by inserting the correction
factor into the crystallization kinetic parameter k(T):
k Tð Þ ¼ νe−AE=RT ð1Þ
where AE is the activation energy involved in the crystallization process
and ν is a frequency term, both obtained by plotting ln T
2
c
α
 
as a function
of 1Tc, according to the Kissinger equation [26], measuring the crystalliza-
tion temperature Tc at different heating rates (α) [27]. The thermody-
namic factor D is:
D ¼ Tx
Tl
 
Tc−Tx
Tl−Tg
 !
: ð2Þ
Thus, the parameter kD(T) includes both kinetic and thermodynamic
criteria:
kD Tð Þ ¼ νe−DAE=RT ð3Þ
where R is the gas constant and T is the absolute temperature. Small
values of kD(T) are relatedwithmore stable glasses [26]. However, mea-
surements obtained by Poulain [28] show that there is an inverse rela-
tionship between AE and glass stability, which is always higher for
lower values of AE. So, activation energy (best named apparent activa-
tion energy) indicates the minimum energy needed to disturb the sys-
tem, inducing variations in viscosity. Disorder is favored at low values
of AE, thereby hindering the crystallization of the glass.
Table 3 lists the crystallization temperatures Tc obtained at different
heating rates, and the values of apparent activation energy, AE. From
these values and the values of the thermodynamic factor D, the param-
eter kD(T) was calculated based on Tc, also shown in Table 3. The values
of AE and kD(T) are directly correlated and indicates that the presence of
the oxides used as nucleants increased the glass stability compared to
that of without nucleant. Based on these criteria, ZrO2 proved to stabi-
lize the Li2O–BaO–SiO2 glass system more than the other three
nucleants, while TiO2 stabilized it the least.Table 4
Crystallized volume fraction (χ) at different heating rates (α) and Avrami exponents for
the glasses [17,30].
Nucleant α (°C min−1) Avrami ψ Exponent φ
5 10 15 20
Without nucleant 0.81 0.52 0.39 0.30 1.11 1.02
TiO2 0.83 0.55 0.40 0.31 1.13 1.03
ZrO2 0.65 0.44 0.32 0.25 0.93 1.33
V2O5 0.84 0.56 0.42 0.32 1.12 1.19
Nb2O5 0.60 0.40 0.29 0.23 0.91 1.01The GS expressed in terms of kD(T), a kinetic–thermodynamic pa-
rameter, indicate the following order of resistance to crystallization:
ZrO2 N Nb2O5 N V2O5 N TiO2 N without nucleant (Table 3). When the
GS is expressed in terms of AE, a kinetic parameter only, the ZrO2
doped glass has better resistance to crystallization. The full order for
AE is ZrO2 N V2O5 N Nb2O5 N TiO2 N without nucleant (Table 3).
If the intended application of thematerial is in the formof glass, high
values of GS and GFA are probably required. However, if the purpose is
to obtain glass-ceramics by controlled crystallization, low levels of GS
may be useful. Based on the S parameter, ZrO2 and Nb2O5 favored the
formation of glass, while TiO2 and V2O5 facilitated the formation of
glass-ceramics, but not as well as the original glass composition.
3.2. Crystallization mechanism
To investigate the formation of glass-ceramics, the crystallization
mechanism was studied by means of DTA, using ﬁnely ground glasses
to ensure that the particles presented a high area to volume ratio. This
procedure was proposed by Matusita and Sakka [29], as well as a mod-
iﬁcation of Eq. (3), after it was found that this equation is valid only
when crystal growth occurs from a ﬁxed number of crystal nuclei. The1.8 2.1 2.4 2.7 3.0
-1.5
-1.2
-0.9
ln( )
Fig. 2. ln(−ln(1−χ)) plots as a function of ln(α) of the glasses containing different nucle-
ating agents.
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Fig. 3.Variation of the onset temperature of the crystallization peak, Tx, as a function of nu-
cleation temperature Tn of the vitreous compositions. (a) Without nucleant, (b) V2O5,
(c) TiO2, (d) ZrO2, (e) Nb2O5.
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to determine the apparent activation energy:
ln
T2c
αψ
 !
¼ φAE
RTc
þ constant ð4Þ
whereψ andφ are theAvrami exponents [17]. For surface crystallization
mechanism ψ= φ= 1 [17]. The values of Avrami exponents were de-
termined using the method proposed by Ozawa [30], using Eq. (5).
ln − ln 1−χð Þð Þ ¼−ψ ln αð Þ−φE
RT
: ð5Þ
The crystallized volume fraction (χ), shown in Table 4, is the ratio of
the partial area of the exothermic peak between the Tx and temperature
Tt (Fig. 1) and the total area of the exothermic peak. To exemplify, Fig. 1
illustrates the application of this treatment for the glass containing TiO2.10 20 30 40 50 60
10 20 30 40 50 60
C
C
θ
Fig. 4. Diffractogram of the glass composition containing V2O5 heated to different temperatures
Li2SiO3 (JCPDS card 83-1517).All these calculations were made using Tt = 620 °C. Using these values,
ln(− ln(1−χ)) graphswere plotted as a function of ln(α), Fig. 2, which
indicates values of ψ varying from 0.91 to 1.13. The values of φwere ob-
tained by dividing the angular coefﬁcient of the Eq. (5) by the value of
the angular coefﬁcient of the Kissinger Equation. The values of ψ and φ
were similar and close to 1, as described in Table 4, indicating a surface
crystallization mechanism operating in all glasses.3.3. TTT diagrams
A dynamic DTAwas performed to investigate the inﬂuence of nucle-
ation and crystal growth on the formation of the respective glass-
ceramics, and to determine the possible need for preheating [24,31].
Each glass was initially treated at a controlled temperature (herein re-
ferred to as nucleation temperature, Tn) for 30min, afterwhich the tem-
perature was increased to 850 °C at a ﬁxed heating rate to ensure
crystallization. Fig. 3 illustrates the result of this treatment, showing
the variation of the onset temperature of the crystallization peak, Tx,
as a function of the nucleation temperature, Tn [25]. All glasses showed
no great differences of Tx up to a nucleation temperature around 510 °C,
whereas the Tx was found to decrease at higher nucleation tempera-
tures. This decrease is more intense to the glass with V2O5 and TiO2.
Based on these results, to obtain the TTT diagrams we chose to preheat
the samples for 30min at 510 °C, andmonitor the evolution of the crys-
tallinity of the material. The evolution of crystallinity of the different
glasses after each heat treatment was examined by XRD and the results
obtained for compositionswithV2O5 andNb2O5 are shown in Figs. 4 and
6, respectively. The glass containing V2O5 crystallized more easily.
The X-ray diffraction patterns of the composition containing V2O5
indicate that the material remained glassy after heating for 5, 10 and
15 min at 550 °C, and for 5 min at 600 °C (see Fig. 4), since only the
halo parameter was observed. The intensity and the nature of the crys-
talline phases change with time. All the other treatments resulted in
partially or fully crystalline material. The distinction between partial
and total crystallinity is not very obvious, because the crystallization
peaks overshadow the halo parameter, whose absence is therefore not
evident.10 20 30 40 50 60
10 20 30 40 50 60
C
C
. Intensity in arbitrary units. Crystalline phases: (•) Li2Si2O5 (JCPDS card 82-2396) and (♦)
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Fig. 5. Variation of the intensity of the diffraction peak at 2θ = 38.7° as a function of
heating time at different temperatures of the composition containing V2O5.
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ceramics were estimated by XRD using the relationship Irelative = Ix/It
[24,25]. The peak of maximum intensity observed after subjecting the
glass to the longest heating time and highest temperature (60 min at
700 °C) was chosen as a parameter. For the glass containing V2O5 the
characteristic peak was chosen at 2θ around 38°, the Ix intensity
(Fig. 4). The relative intensity (Irelative) of this peakwas plotted as a func-
tion of treatment time at each temperature, as indicated in Fig. 5. After
heating for 30 and 60min at 550 °C, the halo parameter was still clearly
visible, and the intensity of thepeak chosen as parameter remained very
low, suggesting that the material was partially crystalline and was not
plotted.
At temperatures of 600 °C and 650 °C, the graphs of the intensity of
the crystallization peak indicate an inﬂection point, which was taken as
a criterion for the classiﬁcation of crystallinity, together with the disap-
pearance of the halo parameter. Thus, after 15 min of heating at 600 °C
and 10 min at 650 °C, the glass composition containing V2O5 appeared10 20 30 40 50 60
2 θ / Degrees
10 20 30 40 50 60
C
C
Fig. 6.Diffractogram of the glass composition containing Nb2O5 heated to different temperature
Li2SiO3 (JCPDS card 83-1517).polycrystalline. No inﬂection was visible on the graph corresponding
to 700 °C, indicating that the saturation, for the Li2SiO3 phase, had al-
ready occurred after heating for 5 min. The Li2SiO3 is also the only crys-
talline phase detected at 700 °C.
For low temperatures studied, 550 °C, the glasses with ZrO2 and
Nb2O5 remained glassy for all the time range analyzed (Fig. 8). These
nucleants show bigger values of S parameter 21.06 and 13.82, respec-
tively. The ZrO2 as nucleant showed the lowest tendency to crystallize.
The glasses do not crystallize for short times (5 min) at elevated tem-
peratures as 650 °C (Fig. 8). This characteristic is conﬁrmed by the
highest S parameter (Table 2), the lowest AE and kD(Tc) parameters
(Table 3).
For temperatures such as 600 °C the composition containing Nb2O5
showed the lowest tendency to crystallize for long times of thermal
treatment. The ﬁrst peaks appeared only after 30 min of heating at
600 °C, as indicated in Fig. 6, and crystallization did not appear to be
complete even after heating for 30 min at 700 °C.
The relative intensity vs. treatment time was plotted at 650 and
700 °C (Fig. 7), since the material can easily be classiﬁed as amorphous
or partially crystalline at lower temperatures. Fig. 7 shows the tendency
for stabilization of the intensity of the peak, referring to the Li2SiO3
phase, taken as the parameter after 30 min of heating at 650 °C and
15 min at 700 °C. However, the halo parameter remained visible in
most of the diffractograms. The crystallinity of this composition can
only be determined by plotting the variation of the intensity of the
peak after 60 min of heat treatment at temperatures of 600, 650 and
700 °C, as indicated in the inset graph in Fig. 7. The intensity of the
peak showed a tendency to stabilize only after heating at 700 °C for
60 min. As the halo parameter was not clearly visible in these condi-
tions, the sample was considered crystalline and only the Li2SiO3
phase is formed.
The other compositions were subjected to treatments similar to
those described for the compositions containing V2O5 and Nb2O5, and
all results are summarized in the TTT diagrams depicted in Fig. 8. Note
that the onset of crystallization of the glass without nucleant agent oc-
curred in milder conditions than in the other glasses, i.e., at lower tem-
peratures and heating times. However, the material remained partially
crystalline after most of the thermal treatments, showing complete10 20 30 40 50 60
2 θ / Degrees
10 20 30 40 50 60
2 θ / Degrees
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C
s. Intensity in arbitrary units. Crystalline phases: (•) Li2Si2O5 (JCPDS card 82-2396) and (♦)
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Fig. 7. Variation of the intensity of the diffraction peak at 2θ = 38.7° as a function of
heating time at different temperatures of the composition containing Nb2O5. Inserted
graph: Evolution of the intensity of this peak after 60 min of heating at different
temperatures.
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of any one of the oxides used as nucleants hindered the onset of crystal-
lization and the material remained amorphous at slightly more intense
heat treatments. However, the presence of TiO2 and V2O5 caused the
glass to pass from partially crystalline to crystalline more readily than
the other compositions, as expected for a nucleating agent. In contrast,
the presence of ZrO2 and Nb2O5 caused the glass to becomemore resis-
tant to devitriﬁcation.
After heating for 60min at 700 °C, all the compositions presented or-
thorhombic Li2SiO3 as crystalline phase (JCPDS card 83-1517). This wasFig. 8. TTT diagrams of the glass compositionthemost crystalline phase frequently identiﬁed after heat treatments at
lower temperatures and shorter times. In addition, it was found that the
glasses without nucleant and those containing TiO2 and V2O5 also pre-
sented diffraction peaks when heated at 600 and 650 °C, which were
also identiﬁed as orthorhombic Li2Si2O5 phase [30] (and JCPDS card
82-2396), as indicated by the diffractograms recorded after heating at
650 °C (see Fig. 4). This phase transformed into crystalline Li2SiO3
after being heat-treated at 700 °C.
According to Zachariasen's classiﬁcation [32], V2O5 is a network for-
mer which also forms vanadates quite easily [24]. However, the
diffractograms of the glasses containing V2O5 showed no evidence of
the formation of any type of vanadate, nor did the other compositions
containing oxides form crystalline structures other than silicates.3.4. Relationship between stability parameters and TTT diagrams
The information obtained from the TTT diagrams was consistent
with GS values (expressed as S, AE or kD(T)). By S, the presence of TiO2
and V2O5 decreased slightly the GS when compared with the glass
without nucleant. Likewise, an analysis of the TTT diagram indicates
that these oxides facilitate the complete crystallization of the glass,
resulting in the corresponding glass ceramic. None of the oxides used
as nucleating agents had any signiﬁcant effect on GS, since the glass
remained amorphous after slightly more intense heat treatments.
It can therefore be inferred that TiO2 and V2O5 acted effectively as
nucleating agents, while ZrO2 and Nb2O5 acted as glass stabilizers in
the compositions and conditions evaluated in this work. This is ex-
plained by the relative order of the values of the ﬁeld strength (Z/r2,
where Z is the charge and r the radii) of the metal ions of these oxides.
The best nucleants were the oxides whosemetal ions led to higher ﬁeld
strength.s after nucleation at 510 °C for 30 min.
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The dynamic DTA indicated that the nucleants had an effect on the
kinetics and thermodynamics of the crystallization process. The value
of the stability parameter S to the Li2O–BaO–SiO2 glass system increased
with the addition of ZrO2 andNb2O5 anddecreasedwith that of TiO2 and
V2O5. On the other hand, the glass stability of the system expressed by
AE or stability parameter kD(T) was augmented by the addition of all
these oxides.
The crystallization of the glass and the subsequent formation of the
glass-ceramic occurred through the surface crystallization mechanism.
The crystalline phases formed were Li2SiO3 and Li2Si2O5, although only
Li2SiO3 was observed after heating at 700 °C for 60 min. Based on
these observations, we conclude that the TiO2 and V2O5 oxides act as
nucleants and Nb2O5 and ZrO2 as stabilizers of this glass system in the
studied conditions.
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